• Model substorm precipitation is validated with ground-based observations • All four types of riometer spike event emerge in the model results • Model can predict precipitation hours after a substorm onset is detected 
Introduction
The accurate modeling of medium-energy particle precipitation (20 keV to 1 MeV), and the corresponding absorption measured by a riometer, has long been considered a very difficult problem [see, e.g., Hargreaves, 2007] . A significant contributor to this difficulty is the irregularity and unpredictability of substorms, which provide a significant proportion of precipitating electrons in the relevant energy range (> 20 keV). The mesospheric effects of medium-energy electron precipitation have been modeled by Codrescu et al. [1997] and found to produce significant increases in n e , HO X , NO 2 , and NO, along with significant decreases in O 3 between 70 and 80 km in the polar regions. The implications for climate science are clear, but there are currently no studies of the effects of individual substorms on mesospheric composition. The aim of this work is to provide a model of the medium-energy electron precipitation produced by substorms, which may be used as a driver in climate models, or for predicting D region ionospheric conditions in the short term (minutes to hours) following a detected substorm onset.
Several previous studies have attempted to model the substorm injection process physically. Sarris et al. [2002] considered an earthward propagating electromagnetic pulse, which interacts with a preexisting electron population. Kim et al. [2000] and Liang et al. [2007] traced electrons in a guiding center approach, in realistic magnetic fields. When the magnetic field changes imparted by dipolarization are neglected, these models are still capable of adequately describing the properties of dispersed injections [Gabrielse et al., 2012] . However, the models described in Kabin et al. [2011] and Zaharia et al. [2004] include time-dependent magnetic fields, i.e., they include betatron acceleration from the dipolarization. The changing magnetic field imparts significantly more acceleration to the electrons than transportation alone. Kabin et al. [2011] argues that dispersionless injections could even be explained by local betatron acceleration alone, without additional particle transport.
The model of Liang et al. [2007] gives reasonable values for electron precipitation flux, (integrated over energies > 30 keV,) and is capable of producing precipitation signatures similar to those of some spike events observed by ground-based riometers. Spike events are sudden increases in ionospheric absorption in riometer data that were first studied by Parthasarathy and Berkey [1965] . Spikes occurring in the dayside ionosphere have been connected to Magnetic Impulse Events [Terkildsen et al., 2001] , whereas nighttime events are strongly associated with substorms, and are generally more intense. Each substorm onset and/or breakup may be accompanied by a spike event [Aminaei et al., 2006] . Global MHD simulations have provided some encouraging results when reproducing substorm observations [Lyon et al., 1998; Raeder et al., 2008] . However, some questions remain about the validity of the approximations they use, in particular whether a numerical resistivity procedure for substorm initiation corresponds to a real physical process [Lui, 2007] . Clilverd et al. [2008] studied the ionospheric effects of substorm injections using ground-based subionospheric VLF and riometer observations, in tandem with measurements of electron flux made by the spacecraft LANL-97A. Comparing the ground-based observations and satellite measurements, they were able to estimate that between 50% and 70% of the LANL-97A measured electron flux was precipitating into the ionosphere.
In section 2, we describe the substorm injection process, as outlined by Kennel [1995] and provide a mathematical description of the medium electron precipitation following such a process. The results, calculated with onset timing from the SuperMAG substorm database, are then compared with measurements from ground-based instruments in an attempt to determine the validity of the process. A description of the model is given in section 3, along with the parameter values chosen and the reasons for each choice. In section 4 we present the results of the model, some comparisons with ground-based observations, and show the ability of the model to reproduce each category of nightside spike event commonly observed in riometer data.
The Substorm Injection Process
During the growth phase of a substorm, the magnetic field near the inner edge of the cross-tail current sheet becomes more tail like, i.e., stretched away from the planet. At onset, dipolarization starts in a small region surrounding the central meridian. The initial size of this region is localized to 1 R E or less [Ohtani et al., 1991] at geostationary distance. As time passes, the dipolarization front propagates eastward and westward, accompanied by dispersionless injections of particles [Kennel, 1995] . Outside this region the magnetic field remains stretched in a tail-like configuration, whereas inside the region it has returned to a more dipolar shape.
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Model Description
Some simplifying assumptions are made in the mathematical representation of the injection process, namely, the dispersionless injection spectrum is fixed over the duration of the injection, the expansion of the substorm current wedge occurs at a constant rate, and the electrons drift on fixed L shells. Additionally, the loss rate of electrons to precipitation and their drift velocities are assumed to be functions of their energy, but independent of time. In the current study, neither an outside-in nor an inside-out order is assumed; instead, the substorm injection timing is independent of magnetic latitude.
The aim is to produce, as far as is possible, a set of straightforward analytic expressions for calculating substorm-induced electron precipitation, in terms of measurable physical parameters. In cases where estimates of precipitating electron fluxes can be made from multiple observations, such as with a chain of riometers, it will be possible to fit the expressions to the measurements, thereby obtaining physical parameters of individual substorms. In the following sections we describe the parameters to be used in the model and identify typical values for each of them.
Azimutal Location of Injection
The injection of energetic electrons is closely associated with the regions of dipolarization and field-aligned currents, at the edges of the substorm current wedge [Lopez et al., 1989] . Initially, the upward and downward field-aligned currents are close to the central meridian, but they do not overlap; see Figure 1 . Ohtani et al. [1991] gives a value of ≤ 1 R E for the initial separation at L = 6 R E , this translates to an azimuthal angle of ≤10
• .
Azimuthal locations, , in the model are defined in magnetic coordinates, with the origin at magnetic midnight. They are equivalent to magnetic local time but measured in degrees instead of hours. The central meridian is typically located at an azimuth of around CM = −7.5 • (i.e., 23.5 magnetic local time (MLT)). A range of 23.5 ± 1 MLT is given by Nagai [1991] , whereas Arnoldy and Moore [1983] report that dipolarization begins within about 2 h local time of 2300 MLT, although occasionally the central meridian can be found much farther away.
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• ∕min (westward) and 4.8
• ∕min (eastward) [Nagai, 1991] . With the assumption that this velocity is constant, the azimuthal positions of the east and west injection regions during a typical substorm are given by
where t ′ is the number of seconds since substorm onset, −7.5
• is the typical location of the central meridian, and ±5
• provides the initial azimuthal separation of 10 • .
The spatial sizes of the injection regions were inferred by Robert et al. [1984] , who estimated their radii to be from 20 km to 900 km at geosynchronous orbit. This was achieved by measuring the width of the current filaments associated with substorm dipolarizations as they propagated across GOES 2. We use Gaussian distributions to represent the injection as a function of azimuth. Since a more distributed current connects to the ionosphere on the eastern edge compared to that on the western edge [Kennel, 1995] , the Gaussian distributions are given standard deviations, , of 0.5
• for the western injection region and 1
• for the eastern region, consistent with the sizes inferred by Robert et al. [1984] . These values are illustrated in Figure 1 . Normalized azimuthal distributions of the injections, f , which are centered on east and west (equations (1) and (2)), are shown in Figure 2a .
Distribution in L shell
The injection flux as a function of L shell, f L , used in this study is given in Figure 2b . It is taken from Cresswell- Moorcock et al. [2013] , who performed a reexamination of the L shell limits of energetic electron precipitation during substorms, using data from multiple low-Earth orbiting spacecraft.
Dispersionless Injection Spectra
The spectrum of the dispersionless injection, f W , is assumed to be a kappa distribution; see Figure 2c . The kappa distribution is given by
The background plasma sheet electron distribution can be represented with values of = 5 and E 0 = 1 keV . For a typical substorm injection spectrum we use values from Kim et al. [2000] of = 3.5 and E 0 = 1.14 keV, which are based on measurements by Christon et al. [1991] . The difference between this spectrum and the power law used by Clilverd et al. [2008] for substorm-injected electrons is negligible over the energy range of interest. An upper energy limit to the dispersionless injection is reasonably well established, with only 20% of events energizing electrons to energies greater than 300 keV [Baker et al., 1979] . Values for a lower energy limit include 10 keV [Baker et al., 1989] , 20 keV [Lazutin et al., 2007] , and 50 keV [Reeves, 1998 ]. For the case of a typical substorm, we therefore limit the spectrum to energies between 20 keV and 300 keV, with smooth cutoffs.
Time Evolution of Injection
The time variation of the injection flux, f t is assumed to be a Gaussian distribution, with width t and peak flux occurring at time t p , as shown in Figure 2d . The injection ceases when the dipolarization reaches the flanks of the magnetosphere, at t d seconds after onset. At this time the dipolarization of the magnetospheric tail is assumed to be complete. A relatively flat distribution, peaking at the time of maximum current in the associated substorm current wedge, typically 16.4 min post onset [Vagina and Sergeev, 1996] , was found to provide qualitatively good results.
Magnitude of Injection
So far, we have described an injection in terms of normalized density functions. These must be multiplied by the total number of injected electrons, N T . This is the total number of energetic electrons that are injected over the course of a typical substom, and then precipitated into the atmosphere. The number is of the order 10 28 [Atkinson, 1972] . In section 4 the value of N T is determined for 61 substorms by fitting the model to IRIS riometer observations. The fitted N T have a mean of 1.15 × 10 28 electrons, very close to the value of 10 28 from Atkinson [1972] . With the duration of a typical substorm, t d , being 1800 s (30 min), this translates to an average electron flux of 0.64 × 10 25 s −1 , not far from the rate of electron acceleration of 1 × 10 25 s −1 to 4 × 10 25 s −1 determined by Atkinson [1984] .
Azimuthal Drift and Lifetime of Electrons
Following the injection, electrons drift eastward around the planet, with a drift velocity d . Although the electron energy spectrum throughout the injection is assumed to be constant, i.e., a dispersionless injection, the higher-energy electrons have higher drift velocities, traveling around the planet in a shorter time. This causes dispersion in the particle populations, which increases as the particles drift farther around the planet.
In degrees of magnetic longitude per second, the bounce-averaged drift velocity of electrons in a dipole field can be written as
[see, e.g., Northrop, 1966] where L is measured in R E , the energy E in eV, and 0 is the equatorial pitch angle. The value 4.17 × 10 −3 is the contribution from Earth's rotation, since the magnetic field lines rotate with the Earth.
According to equation (4) the drift velocity of individual electrons will depend on their equatorial pitch angle, which suggests there will be an additional dispersion in the electron population, with high pitch angle particles drifting at higher rates. However, over a period of time corresponding to the pitch angle diffusion timescale, the electrons will share a similar average pitch angle, and the pitch angle dispersion will be reduced. For simplicity we use a single value for equatorial pitch angle, 39.5
• , the average pitch angle in an isotropic distribution.
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An electron that is injected t ′ seconds after onset, at an azimuthal location ′ , will reach the location at a time given by
The injected electrons drift toward the morning side, and when their fluxes reach the stably trapped limit [Kennel and Petschek, 1966] the pitch angle distribution of electrons with energies of tens of keV approaches isotropy, and their precipitation rate nears the strong diffusion limit [Kennel, 1969] . At this limit the proportion of particles precipitating into the ionosphere approaches a maximum value that depends on the size of the loss cone. For electrons with a bounce period of T B seconds, the lifetime in the strong diffusion regime is
Kennel and Petschek [1966] . As a function of energy, E, and L shell, the electron bounce period in a dipole magnetic field is
[e.g., Baumjohann and Treumann, 1996] . The electron rest mass (511 keV) is represented by m e .
The primary mechanism by which electrons with energies greater than 20 keV are scattered into the loss cone, during all geomagnetic activities, is by interactions with lower band chorus waves [Ni et al., 2011] . These are present more than 10% of the time and can persist during times of low geomagnetic activity [Li et al., 2009] .
Calculations by Ni et al. [2011] show that the bounce-averaged rates of pitch angle diffusion into the loss cone for 20 keV electrons reach the strong diffusion limit during geomagnetically active times (AE > 300 nT), and are approximately 1 order of magnitude below the limit in periods of moderate activity (100 nT < AE < 300 nT). During substorms, an increased AE index is observed, with values reaching up to 1000 nT during the April 2007 events that are presented in the following sections.
Based on the duration of riometer absorption events, Liu et al. [2007] argue that pitch angle diffusion of medium-energy electrons is likely to be close to the strong limit during substorms, with a timescale of ∼1200 s for the precipitation loss of 50 keV electrons at L = 10 R E . Applying constant strong diffusion in the model produces too much precipitation on the nightside, and too little on the dayside, but reducing the precipitation rate to one fifth of the strong diffusion limit is found to give acceptable results, with model precipitation levels on the dayside and nightside more closely matching observations of cosmic noise absorption during substorms. This is broadly similar to the diffusion rates used by Liang et al. [2007] , who assume characteristic diffusion timescales of D −1 = 10 s for substorm-injected electrons with bounce periods on the order of a few seconds. Figure 2e shows the mean lifetime of electrons, , as a function of energy, at L = 6. The solid line represents the strong diffusion limit, and the dotted line is the mean lifetime with the partially filled loss cone used throughout this study.
At t seconds after onset, the proportion of electrons remaining, of those that were injected at t ′ seconds after onset is
Magnetospheric Density of Injected Electrons
To calculate the magnetospheric density of electrons along a field line, N (in units of deg
azimuth , and t seconds since onset, we sum over all injected electrons that reach at time t. Some of these electrons will be injected at an azimuth closer to than other electrons of the same energy but at a later time. The summation is equivalent to the following integration.
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where f E , f L , f , f t are the normalized distributions of the energetic electron injection in terms of energy (eV), L shell (R E ), azimuth (deg), and time since onset (s), respectively. ′ and t ′ are dummy variables that do not appear in the solution to the integral. Electrons that were injected t ′ seconds after the substorm onset, at the location ′ , will drift to the location of the result, at time t. Rearranging equation (5) provides ′ (t ′ ) is found. T is the smaller of the two values t and t d , which are the time since onset and the duration of the injection, respectively.
Representing f t and f with Gaussian distributions allows the integral to be solved analytically. There are no such restrictions for the distributions in energy, f E , and L shell, f L , which are not inside the integral. The exact forms of each of the normalized distributions used in the model are shown in Figure 2 . The solution to equation (9) is
where
The variables and their values in the model are as follows. Reasons for these choices are given in sections 3.1 to 3.5. d ( • s −1 ) is the azimuthal drift velocity of electrons, from equation (4). The azimuthal drift velocity of electrons is represented by d (
• s −1 ); i = ±0.05 s −1 is the azimuthal velocity of dipolarization; (degrees) is the azimuthal location of the result; CM = −7.5
• is the azimuthal location of the central meridian; = 0.5
is the azimuthal width of the injection; t (s) is the time since substorm onset, which is determined using the onset times in the SuperMAG substorm database; t p = 984 s is the time of peak injection flux during each substorm; t = 1800 s is the temporal width of the injection; (s) is the mean lifetime of electrons before they are lost to precipitation, a value of 5 SD is assumed for the reasons discussed in section 3.6; and SD is given by equation (6).
Equation (10) is calculated for a number of electron energy values (∼300, log spaced) in the range 20 keV to 300 keV and for each injection occurring in the preceding 12 h. It is possible to use different values for the parameters of each particle injection, and this is the case for the west and east injections that comprise a single substorm event. The only parameter that must vary from one substorm to the next is t, the number of seconds since onset. The results for each injection are summed together to produce a total value of N for each electron energy. We also include electrons that have made more than one complete orbit around the planet (known as drift echoes) by adding integer multiples of 360
• to .
Energetic Electron Precipitation
In the current model, the precipitation flux P is assumed to be equal to the electron loss rate. In units of degrees
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where N is the magnetospheric density of electrons, given by equation (10), summed over all injections occurring in the preceding 12 h; is a fifth of the strong diffusion limit (equation (6)) is . In the dipole field approximation, an infinitesimally narrow flux tube with radial size dR (R E ) in the equatorial plane, and azimuthal size d (degrees), will have an ionospheric footprint of area
With this conversion factor, the precipitation flux can be written in more convenient units as
Ionospheric Electron Density
The ionospheric electron density is calculated with the steady state equation
where Q quiet is the quiet production rate and eff is the effective recombination rate. The quiet production rates are taken from Barabash et al. [2012] , which are given for various solar zenith angles. The effective recombination rates are calculated using the Sodankylä Ion Chemistry model [Turunen et al., 1996] . Q is the production rate due to the precipitating electrons. It is calculated using the modeled precipitation rates, P, over the range of energies from 20 keV to 300 keV, following the method of Semeter and Kamalabadi [2005] , who provide tabulated energy dissipation functions based on laboratory measurements.
Results
The model electron density profiles can be used to predict the response of ground-based instruments including riometers and VLF radio receivers. Ionospheric absorption is calculated using the AppletonHartree equation [see, e.g., Davies, 1966] , with neutral densities from the US Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar, ground through Exosphere, revised in the year 2000 (NRLMSISE-00) neutral atmosphere model [Picone et al., 2002] , and effective momentum-transfer collision frequencies from Beharrell and Honary [2008, and references therein] . Figure 3 shows the resulting model cosmic noise absorption following a single typical substorm, using the parameters specified in section 3.7. The contours represent the levels of absorption at 38.2 MHz and are evenly spaced at multiples of 0.3 dB.
Each of the six plots shows the absorption at a different elapsed time since the substorm onset. Although the plots only cover the first 90 min of a substorm, trapped electrons that are drifting for up to 12 h are included in our model runs. The results in Figure 3 are similar to the absorption maps produced from a survey of substorm riometer observations by Berkey et al. [1974] , showing the westward traveling surge, the eastward drift of absorption patches, and small levels of absorption lingering hours after the substorm onset. At geosynchronous orbit (L = 6.6 R E ) trapped 200 keV electrons with pitch angles used in the model ( 0 = 39.5
• ) have drift periods of around 35 min, whereas 30 keV electrons that are otherwise identical orbit the planet in around 215 min. This dispersion is the cause of the azimuthally near-uniform absorption pattern 90 min after onset, shown in Figure 3f . Figure 4a shows the model electron precipitation (20 keV-300 keV) calculated for the location of the IRIS riometer in Kilpisjärvi, Finland (69. model parameter that varies between each substorm. It is determined by the onset times in the SuperMAG substorm database.
Comparison With IRIS Data
This period was chosen because it contains a good number of substorms with varied spacing and good data availability from the IRIS riometer, the nearby subionospheric VLF receiver at the Sodankylä Geophysical Observatory (SGO), and the SuperMAG substorm database. It was also close to solar minimum, a time when most other contributors to absorption, such as solar proton events and direct ionization by X-rays emitted by large solar flares, are far fewer in number. During the 5 day period there was only minor flare activity, a.
b. In Figure 5 , the model is rerun with the total number of electrons injected in each substorm, N T , allowed to vary. The values of N T are those that give the best least squares fit between the data and the model. They are found with an iterative Markov chain method, by adjusting the value of N T for each injection in turn, and calculating the square difference between the model and the data.
During times of enhanced AE index the model energy-integrated electron precipitation flux also shows enhancements (Figure 5c ). However, on the afternoons of 30 April and 1 May there are increases in AE index that are not represented in the model precipitation flux. This is unavoidable given that there are no SuperMAG-detected substorm onsets during these times.
Following the method outlined in section 3.9, energy-dependent precipitation values are used to calculate the ionospheric electron density profiles (Figure 5d ), which are in turn used to calculate cosmic noise absorption (Figure 5e ). The close correspondence between the model results and data shows that the majority of absorption events during this period are well represented by the model of substorm-induced electron precipitation. Figure 5f shows the total number of electrons injected in each substorm, N T , inferred by fitting the model absorption to the data. The mean of the fitted N T values is 1.15 × 10 28 and the maximum is 9.6 × 10 It is interesting to note that the first two substorms on 27 April produced similar levels of absorption at the IRIS riometer, but both the AE index and the inferred value of N T were larger in the second of the two substorms. This is because AE and N T are (ideally) independent of the planet's rotation, but the local time of the riometer during each event meant that it was farther from the near-midnight injection during the second substorm. As a result a smaller proportion of the injected electrons reached its location.
Comparison With Subionospheric VLF Data
The propagation of a subionospheric low-frequency radio wave depends on the properties of the waveguide formed between the ground and ionosphere. Variations in the electron number density profile at the bottomside of the ionosphere determine the phase and amplitude of the signal that arrives at a remote receiver, having traveled subionospherically from the transmitter. One approach for representing the electron density profile is to use the parameters h ′ and from the Wait ionosphere [Wait and Spies, 1964] . Here h ′ is the reference height, and describes the steepness of the profile at h ′ . A reduction in the height of the ionosphere will cause a positive phase advancement, but the amplitude variation is the result of a more complex relationship depending on the summation of the waveguide modes and may be positive or negative. Figure 6 shows results for the 37.5 kHz radio wave propagating between the NRK transmitter in Grindavik, Iceland, and the SGO subionospheric VLF receiver in Sodankylä, Finland. This path is part of the AARDDVARK network [Clilverd et al., 2009] . The results cover a single day from the same period in 2007 used in the comparison with IRIS riometer absorption in the previous section. In Figures 6a and 6b , the parameters h ′ and are calculated along the great circle path between NRK and SGO by fitting the Wait ionosphere to the substorm model results. A distance of 0 km on the y axis corresponds to the position of the transmitter. The mean ionospheric height along the path is given by the solid black line in Figures 6c, where the shaded area represents the range of ionospheric heights along the path. A good correlation exists between the model ionospheric height and the phase and amplitude measured by the SGO receiver. The vertical dashed lines indicate the times of maximum change in the model ionospheric height, h ′ . As expected [e.g., Clilverd et al., 2008 Clilverd et al., , 2009 ], a reduction in ionospheric height due to precipitating electrons leads to an advancement of the received phase.
In Figure 6 the model uses the values of N T , the number of energetic electrons in each substorm injection, found in the previous section by fitting the model to IRIS absorption data. These values provide a considerable improvement to the correlation between ionospheric height and the measured VLF phase, compared to using the same N T for each substorm injection (not shown). The Pearson correlation between the mean ionospheric height and VLF phase improves from a value of −0.14 (low correlation) when using fixed values of N T , to −0.56 (moderate negative correlation) with the fitted values of N T .
This result confirms the usefulness of the substorm precipitation model in providing context for VLF phase and amplitude observations. The modeled injection of energetic electrons in a region close to magnetic midnight, as described in section 3, with timing based on the SuperMAG substorm database, and magnitudes determined from a single riometer site is able to successfully predict the VLF perturbation timings on the Iceland to Finland path. The relative perturbations in h ′ , from substorm to substorm, predicted by the model are consistent with the levels of phase perturbations observed. This is expected if the change in ionization along the VLF path is reasonably represented in the substorm model at energies of >100 keV.
Riometer Spike Events
Four distinct types of spike events are categorized by Spanswick et al. [2005] , these are as follows: (A) a spike embedded in slowly varying, diffuse, precipitation; (B) a spike preceding diffuse precipitation; (C) a solitary spike; and (D) spike events with a sharp rise time (<3 min) and slow decay time (>15 min). The sharp rise of less than 3 min is a strong indicator of dispersionless injection and distinguishes these events from dispersed electrons . Figure 7 show all four of the spike categories occurring in the current model, each at a different azimuthal location, (i.e., magnetic local time) relative to the central meridian, CM . The azimuthal angles, in degrees, are equivalent to MLT, and may be converted to MLT (hours) by dividing by 15. The parameters used to generate Figure 7 are those of a typical substorm, defined in section 3.7. The model is able to represent all of the recognized variations of spike events because, in line with Kennel [1995] , the energetic electron injections are concentrated at the dipolarization fronts, at the edges of the substorm current wedge, instead of being uniformly distributed across magnetic midnight in a single large injection region.
The model spike that resembles a category D event (Figure 7d ) has a rise time of ∼1 min, inside the 3 min limit specified by Spanswick et al. [2007] , this differentiates it from the dispersed events that occur farther from the injection region (Figure 7e ).
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Aminaei et al. [2006] independently categorized spike events, with four types denoted by Roman numerals, and presented the observed local time distributions of each. Their type I is a solitary spike, equivalent to type C; type II contains both types B and D events; and type IV shares the definition of type A. Type III spikes events are those in which a spike appears after more diffuse absorption. They are a rarely observed class, representing only 1 in 18 observed spikes. This scarcity could indicate that type III spikes are not a true independent category but are instead a coincidental occurrence of a solitary spike with an unrelated earlier injection.
The distribution of type IV (A) events is skewed toward eastward magnetic local times, whereas type II (B and D) events are mostly observed around central locations (∼22:45 MLT), these results match our model predictions. The most common local time for type I (C) events is the most westward of the three categories, as predicted by the model, but there are a substantial number of these events to the east. It is not clear if the eastward type I (C) events are misclassified type IV (A) events, as could happen if the level of diffuse absorption is low, or if the fault is with the assumptions made in our model. There is a large amount of spread in each of the local time distributions reported by Aminaei et al. [2006] , leading to considerable overlapping. This could be due to the different locations of each substorm's central meridian.
Discussion
The substorm model is capable of representing medium-energy electron precipitation well, only requiring the number of electrons injected in each substorm to be adjusted for an overall good fit between the model and IRIS riometer data (see Figure 5 ). This does not mean that the magnitude of each substorm is the only variable that is important; changes in the spectra of injected electrons can have similar effects. Without more information, it would be difficult to untangle the effects of the magnitude, and spectra of injections to fit them simultaneously. This information could come from, for example, satellite measurements of the injection spectra. This is beyond the scope of the current study, but it is something we are currently working toward.
During the 5 day period in April/May 2007 for which the model was run, a high-speed solar wind stream hit the Earth, causing a moderate geomagnetic storm. This resulted in an increase in the frequency of substorms, and significant populations of electrons injected by different substorms existed simultaneously in the magnetosphere. With a simple linear addition of the injected electron populations, the model appears to cope well with the concurrent substorms.
The model relies on reliable detection of substorm onsets, without them the model will not show any precipitation. At around 20 UT on 28 April, the IRIS riometer measured an enhancement in absorption (Figure 5e ) that was not accompanied by an onset detection in the SuperMAG substorm database. Two properties of the event suggest that this was not a substorm: there was no corresponding enhancement in the AE index, and the rise time of the absorption enhancement was longer than the decay time. One possibility is that it is a result of the increase in dynamic solar wind pressure (not shown), which grew from 1.8 nPa at 18 UT, to 2.8 nPa at 20 UT, distorting the magnetosphere and causing electrons to enter the loss cone.
A simplifying assumption made in the model is that pitch angle diffusion rates are constant. In other words, at a particular location and time the proportion of electrons precipitating into the ionosphere is proportional to the trapped flux at that location. In reality the diffusion rate has a nonlinear relationship with the trapped electron flux, in part because chorus waves are strongly enhanced by substorms [Meredith et al., 2001] . As a result intense chorus waves coincide with the injected drifting electrons in the morning sector, leading to higher pitch angle diffusion rates than in the afternoon. In the future we hope to extend the model to take into account the varying levels of pitch angle diffusion in each sector and include a more nuanced energy dependence.
In times of prolonged substorm activity (lasting approximately days), such as during geomagnetic storms and high-speed solar wind streams, a small proportion of the injected medium-energy electrons can be accelerated by the chorus waves to MeV energies [Summers et al., 2007; Ni et al., 2011] . Reeves et al. [2003] examined 276 geomagnetic storms over a whole solar cycle, finding that around half of the storms increased fluxes of relativistic electrons (1 to 3 MeV) in the outer radiation belt, one fifth of storms decreased fluxes, and the remaining storms made negligible difference to the relativistic fluxes. The probability that a storm will increase or decrease the population of relativistic electrons was found to be essentially the same throughout the outer radiation belt, from L = 4 to geosynchronous orbit. The variability in the response of relativistic fluxes to storm activity is a result of the competing effects of the acceleration and loss processes [Summers et al., 2007] . The relatively low flux of MeV electrons compared to medium-energy electrons, even during storms [see, e.g., Gabrielse et al., 2012] , combined with the insensitivity of riometers to relativistic electron precipitation, allows us to neglect relativistic electrons when modeling ionospheric cosmic noise absorption. In contrast, subionospheric VLF propagation is most sensitive to ionization caused by relativistic electron precipitation (>100 keV) [Clilverd et al., 2008] . Therefore, accurate modeling of VLF propagation is likely to benefit from the inclusion of MeV electrons.
The various types of spike events observed in the result emerge naturally from equation (10). They are a result of azimuthal asymmetries in the model. The primary asymmetry being that electrons only drift eastward, so dispersed particle precipitation is only observed to the east of the injection (except for drift echoes). Expanding an earlier one-dimensional (radial only) model of substorm injection to include the azimuthal drift of electrons, Liang et al. [2007] were able to reproduce spikes of type C (solitary) and D (fast rise, slow decay), as well as dispersed signatures of precipitation (slow rise and slow decay). Sharp spikes were found at the western edge of the injection region, and spikes with slow decay were found at the eastern edge. However, between the two edges of their uniform injection region a range of spikes exist with intermediate decay times. The ability of the current model to represent spike events more accurately than previous models can be attributed to the assumptions that energetic electron injections are concentrated in the regions undergoing dipolarization and that these regions expand from a central meridian. Such features have been recognized for some time [e.g., Nagai, 1982; Lopez et al., 1989] but are often neglected in other models. For example, while the injection region of Liang et al. [2007] expands over time, it is a single, azimuthally uniform region.
Conclusion
We have constructed a model of substorm injection that, when combined with onset timing provided by the SuperMAG substorm database, is capable of reproducing ground-based observations of medium-energy electron precipitation at energies from 20 keV to 300 keV. During a period in April/May 2007, 61 substorm injections are modeled, and the number of energetic electrons injected during each substorm is estimated. The mean is found to be 1.15 × 10 28 , in agreement with previous estimates by Atkinson [1972, 1984] .
The four distinct categories of riometer spike events, as well as dispersed precipitation signatures, emerge in the model results. The results indicate that each type of spike event are observations of the same phenomena, made at different locations relative to the central meridian. These locations appear to be consistent with the statistical observations of Aminaei et al. [2006] , although there is some uncertainty due to the variation of the central meridian location from one substorm to the next.
To investigate the contribution of substorm precipitation to changes in climate, the model may be used as an input to atmospheric chemistry and climate models, such as the Sodankylä Ion Chemistry model [Turunen et al., 1996] or the Whole Atmosphere Community Climate Model (WACCM) [see, e.g., Garcia et al., 2007] . In this case, onset timing could be taken from, for example, the Minimal Substorm Model [Freeman and Morley, 2004] for a range of possible future solar wind parameters.
It is well known that energetic particle precipitation causes significant changes in atmospheric chemistry, not just at ionospheric altitudes, but as low as the stratosphere, where up to 40% of the NO x in the polar region can be attributed to the descent of NO x produced at high altitudes by particle precipitation. Results from WACCM underestimate this contribution to stratospheric NO x by around a factor of 2 [Fang et al., 2008] . Currently, the medium-energy electron precipitation used in the WACCM model are averaged patterns from Codrescu et al. [1997] . These are based on the Medium Energy Proton and Electron Detector (MEPED) instruments onboard the NOAA/POES satellites data, with a different pattern for each of several levels of geomagnetic activity. Averaging of the data in this way is likely to smooth over the small-scale (temporal and spatial) variations in precipitation following a substorm injection. Incorporating the electron precipitation values from the substorm model could improve the accuracy of the WACCM NOx simulations.
